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Abstract- This paper reviews our recent results on some 
applications of new nanocrystalline soft magnetic Fe-M-B (M = 
Zr, Hf, Nb) alloy ribbons “NANOPERM?.” NANOPERM? has 
a structure consisting of nanoscale bcc grains and a small 
amount of an intergranular amorphous layer. N A N O P E W  
exhibits high saturation magnetic flux density above 1.5 T as 
well as excellent soft magnetic properties. Furthermore, its 
remanence ratio can be controlled according to the demands of 
various applications. Toroidal cores with gap, common mode 
choke coils, ISDN (integrated service digital network) 
interface pulse transformers and flux gate magnetic 
detectors made of “NANOPERM@” have been developed. The 
excellent characteristics of the components were confirmed in 
trial. N A N O P E W  is therefore expected to be used widely in 
the magnetic application field. 
I. INTRODUCTION 
In the last decade, some nanocrystalline soft magnetic 
alloys consisting of bcc nanoscale crystalline phase have been 
obtained by crystallizing melt-spun amorphous ribbons. The 
alloys are classified into two groups. One is composed of Fe- 
metalloid amorphous based alloys such as Fe-Si-B-Nb-Cu [ 11 
[2] and Fe-P-C-Ge-Cu [3] containing elements immiscible 
with Fe such as Cu or Au. The simultaneous addition of Nb 
and Cu or Ge and Cu is essential for achieving the 
nanocrystalline structure which results in excellent soft 
magnetic properties. However, the alloys exhibit lower 
saturation magnetic flux density (B,) (up to 1.3 T) than the 
Fe-metalloid amorphous alloys mainly because of the 
decrease in Fe content by addition of alloying elements. The 
origin of the good soft magnetic properties of the 
nanocrystalline alloys has been explained on the basis of the 
random anisotropy model [2] which describes the 
magnetocrystalline anisotropy as averaged out due to strong 
ferromagnetic exchange coupling between the ferromagnetic 
grains. 
The second group is composed of Fe-M-B (M = Zr, Hf, Nb) 
based alloys we reported [4]-[7]. It has been already known 
that the alloy systems have inferior magnetic properties 
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resulting from the Invar effect in the amorphous state. On the 
contrary, the crystallized nanocrystalline alloys have 
excellent soft magnetic properties as well as high B, values 
above 1.5 T mainly because of the higher Fe contents than 
those in the Fe-metalloid based nanocrystalline alloys, which 
results from the high glass forming ability of M elements. 
The nanocrystalline temary Fe-M-B alloys consist of a-Fe 
grains about 10-20 nm in size surrounded by a small amount 
of an intergranular layer [7], [SI. The intergranular 
amorphous phase has a rather high Curie temperature (T,) 
resulting from large amounts of M and B elements in the 
phase, which causes strong magnetic exchange coupling 
between the a-Fe grains. Furthermore, the nanoscale a-Fe 
grains contain small amounts of M and B elements, which 
results in small magnetostriction. Consequently, good soft 
magnetic properties should be obtained [7]. 
We have further tried to synthesize a fine nanocrystalline 
structure in the Fe-M-B alloys to obtain excellent magnetic 
properties. Recently, we have succeeded in the development 
of a new type of nanocrystalline soft magnetic Fe-M-B based 
alloy “NANOPElUVf@” with high B,, above 1.5 T, as well as 
excellent soft magnetic properties [7], [SI. Figure 1 shows the 
dependence of effective permeability (k) at 1 kHz, coercivity 
(HJ and T, of the intergranular amorphous phase on the 
grain size (0) and the magnetostriction (4) for Fe-M-B(-Cu) 
alloys. The soft magnetic properties strongly depend on D 
and 4, and can be significantly improved with the decrease 
in D and 141 and the increase in T, of the intergranular 
amorphous phase by optimizing the chemical composition 
and adding small amount of elements. It is to be noted that 
Fe-Zr-Nb-B-Cu alloy system has the small grain size of 7 nm, 
nearly zero-magnetostriction, high T,(amor.) about 500 K, 
high k above lo5 at 1 kHz, and low H, below 2 Nm. Table I 
summarizes the properties of the nanocrystalline Fe-M-B 
based alloys “NANOPERM@.” Figure 2 shows the relation 
between B, and k at 1 kHz for NANOPERM@, for 
nanocrystalline Fe-Si-B-Nb-Cu alloys [9] and for 
conventional soft magnetic materials. Since NANOPEW 
appears at the upper right in the figure among the materials, 
it can be said that N A N O P E W  is the best for the 
achievement of both high and high B,. For example, the 
nanocrystalline Fe85 Zr3  3Nb3 3B6 8cu1 alloy exhibits high iu, 
of 16x104 and high B, of 1.57 T and nearly zero 
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TABLE I 
SAMPLE THICKNESS (i), GRAIN SIZE (D), SATURATION MAGNETIC FLUX DENSITY (Es), l75Rh4EABLXTY &), COERcIvrrY (HJ,  MAGNETOSTRICTION (A), 
ELECTFSCAL RESISTIBILITY @) AND CORE LOSS (w FOR NANOCRYSTALLINE Fe-M-B BASED ALLOYS, NANOCRYSTALLINE Fe-Si-B-Nb-Cu ALLOYS AND 
CONVENTIONAL SOFT MAGNETIC ALLOYS. 
f D BI k' HC A P W146ob WVlOO P 
(m) (nm) (T) (Mm) (106) (lQ-4 (Wikg) (Wkg) 
Fe9oZr7Bs 20 16 1.63 29,000 5.5 -1.1 0.44 0.21 79.7 
Fes9Zr7B3Cul 20 12 1.64 34,000 4.5 -1.1 0.51 85.4 
(Fe0 98% 02190Zr7B2Cu~ 22 12 1.70 48,000 4.2 -0.1 0.53 0.08 80.8 
Fe*9Zr7B3Pdl 20 13 1.63 30,000 3.2 
Fe90EIf7B3 18 13 1.59 32,000 4.5 -1.2 0.48 0.14 59.0 
Fe~Nb7B9 22 10 1.50 36,000 7.0 +o. 1 0.58 0.14 75.7 
Fe~Nb7B9 10 1.55 30,000 7.6 27.5 
Fes3Nb7BgGal 19 10 1.48 38,000 4.8 0.70 0.22 47.0 
FesxNb7BgCul 19 8 1.52 49,000 3.8 +1.1 0.64 54.7 
FesZr3 25m3 zsB6.sCui 19 9 1.61 110,000 2.0 -0.3 0.56 60.0 
Fees 62r3 3 N b 3  3B6 sCu1 18 8 1.57 160,000 1.2 -0.3 0.56 0.05 49.0 
Fed33 5Nb3 JBSCUI 19 8 1.53 120,000 1.7 +0.3 0.61 0.06 58.7 
1.56 10,000 3.5 1.37 0.28 166.0 
0.88 70,000 1.2 0 1.47 62.0 
Fe73.sSi13.sB9Nb3Cu1 20 10 1.28 85,000 1.1 49.4 
Fe73.813 5B9Nb3CUlC 18 1.24 100,000 0.5 -2.1 1.15 39.1 
y= 1 MIZ, H,,, = 0.4 Nm. 
BWdb is the core loss at ax 10' T and b Hz. 
'Ref [l]. 
magnetos~ction [SI. 
Figure 3 s m ~ z e s  expected app~ication fields for 
together with magnetic ch 
are required for each applications. N 
high B,, ,&, low core loss (W) and sufficiently small A, 
simultaneously. Furthennore, remanence ratio (B,/B,) can be 
controlled according to the dem 
In this paper, we present some 
which should indicate that N 
core material in many kinds of 
11. EXPERIMENTAL PROCEDURE 
Alloy ingots were prepared by induction melting in an 
Ar atmosphere. A single-roller melt-spinning method in 
an Ar atmosphere was used to produce rapidly solidified 
NANOPERM@ ribbons 15 mm in width and 15-20 pm in 
thickness. The as-quenched ribbons were slit and wound 
into toroidal cores or chemically etched into rings to be 
used as samples. The samples were annealed in vacuum to 
prevent oxidation. The annealing treatment was carried 
out by keeping the samples at 793-923 K for 60-1800 s. 
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Fig. 1. Dependence of f i  at 1 kHz, Hc and T, of the intergranular amorphous 
phase on D and & for Fe-M-B(-Cu) alloys crystallized under optimum 
conditions. 
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components is proportional to the magnetic flux density of 
the core and the core volume. The miniaturization of the 
core is limited by the B, value and the core loss of the core 
material. If the core volume is decreased, the operating 
flux density should be increased to keep the magnetic 
energy constant. This causes a large temperature rise of 
the core because the core loss of the core material 
increases with increasing flux density. NANOPEN@ 
exhibits high B,, above 1.5 T, which is comparable to that 
of the Fe-based soft magnetic amorphous alloys, and low 
core losses over a wide maximum induction range [7], [SI. 
These characteristics indicate that NANOPEM@ is 
suitable for the core material of power electronic 
components. First, we have investigated the toroidal cores 
with gap, which are used as choke coils for active filters 
for power supplies and electric ballast for high intensity 
discharge (HID) lamps, etc. 
0 0.5 1 .O 1.5 2.0 2.5 NANOPE" and amorphous Fe7*Si9BI3 alloy ribbons 
- 
- 
were wound into toroidal cores 26 mm in outer diameter, 
16 mm in inner diameter and 10 mm in height. The cores Saturation magnetic flux BS (T) - 
Fig. 2. Relation between B. and A at 1 lCHz for NANOPERM", the 
nanoclystalline Fe-Si-B-Nb-Cu alloys [9] and conventional soft magnetic 
materials 
were encapsulation in epoxy resin and processed by a 
slicing machine to make a 0.6 mm gap. The crystallized 
NANOPE" is brittle. However, there is no problem in 
the processing of the encapsulated cores. Figure 4 shows 
core losses as a function of magnetostatic energy of these 
cores. The core losses of NANOPERM@ core are 1/2 to 1/5 111. RESULTS AND DISCUSSION 
A .  Toroidal Cores with Gap 
those of the amorphous Fe-Si-B alloy core. The very low 
core losses allow the reduction of the core size because the 
rise in temperature of the NANOPE" core should be 
small. Miniaturization is now needed for magnetic components 
for power supplies. The magnetic energy stored in the 
Power transformers 
Distribution transformers 
. Power transformers for 
switched power supplies 
Data communication 





- Common mode choke coils 
. Current transformers 
. Magnetic direction sensors 
Magnetic shielding 
Re acto i s  . Magnetic saturable choke coils 
1 .  Magnetic switching cores I 
Fig. 3. Magnetic characterizations and application fields for NANOPERM" 
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Fig. 4. Change in core loss as a function of magnetostatic energy for toroidal 
cores with gap made of NANOPERM" and Fe-Si-B amorphous alloy. 
B. Common Mode Choke Coils 
Recently, electromagnetic interference (EMI) 
considerations are increasingly important as electronic 
devices become part of our daily lives. This has rapidly 
increased the required performances for electromagnetic 
compatibility (EMC) components such as common mode 
choke coils, which provide protection against incoming 
and outgoing high frequency noise. They also protect 
electronic devices against high voltage pulse noise 
generated by spark discharge, etc. MnZn-ferrite cores 
have been widely used for common mode choke coils. 
However, the pulse attenuation characteristics of the 
choke coils made of MnZn-ferrite is inferior because of 
their low B, values (typically 0.4  T). The inductance of 
common mode choke coils is important because higher 
inductance yields better attenuation characteristics against 
pulse voltage. If the magnetic flux density of the core is 
saturated by the magnetic field generated by the input 
pulse current (magnetic saturation), the choke coil cannot 
attenuate the input voltage because the in 
choke coil is extremely decreased. In orde 
magnetic saturation, high B, and low remanence ratio, 
B,IB,, are necessary. We have developed cores for common 
mode choke coils with high B, and low BJB,. 
In order to obtain a low B,lB, value, we have tried 
magnetic field annealing of NANOP 
field annealing treatment of NAN 
uniaxial anisotropy, the easy axis being parallel to the 
direction of the magnetic field appl~ed during the heat 
treatment [lo]. This allows the shape of the hysteresis curves 
to be changed. Figure 5 shows the dc B-H curves of 
N A N O P E M  toroidal cores annealed under zero magnetic 
field (Hl = 0) and transverse magnetic field (Hl = 160 W m ) .  
Very low BJB, value of 0.05 has been obtained by transverse 
magnetic field annealing. 
NANOPEN" ribbons were wound into toroidal cores 
22 mm in outer diameter, 14 mm in inner diameter and 
6.5 mm in height. A mixture of oxide powders and sodium 
silicate solution (water glass) was applied to both side of 
the ribbons to prevent electrical contact between the layers. 
The cores were annealed under a static transverse 
magnetic field of 160 kNm. Common mode choke coils 
were made from the NANOPERM@ toroidal core and from 
a commercial MnZn-ferrite core. The size of the cores was 
the same, and both had 24 turn coils. 
Figure 6 shows the frequency dependence of the noise 
attenuation of the common mode choke coils made of 
NANOPERM@ and h4nZn-ferrite. The attenuation of the 
NANOPERM@ choke coil is higher than that of the MnZn- 
ferrite choke coil in the frequency range 0.3 to 20 MHZ,  
which includes the operating frequency range of normal 
switched power supplies. The N A N O P E W  choke coil is 
therefore useful for the attenuation of noise generated by 
switched power supplies. 
The pulse attenuation characteristics of the common mode 
choke coils was investigated. Figure 7 shows the output 
voltage of the choke coils as a function of the input pulse 
voltage when the pulse width is 1 ps. The N A N O P E M  
choke coil shows better attenuation due to its low BJB, value. 
It can be concluded that transverse field annealed 
cores with high B, and low BJBs are suitable 
for common mode choke coils. 
C. ISDN Pulse Transformers 
Pulse transformers are used for integrated service 
digital network (ISDN) terminal equipment. The 
transformers electrically isolate the network circuit from 
the terminal equipment. Miniaturization is now necessary 
for the transformer. Man-ferrite has been used as the 
core material for pulse transformers. Because of their low 
T H ,  = Q  
-1 Q 
Fig. 5. Dc B-H curves of NANOPERM" cores annealed under Hi = 0 and HL = 
160 kA/m. 
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impedance resulting from low b, the reduction in size of 
the transformer is difficult to achieve. If an increase in 
impedance is achieved by increase in coil turns, the 
frequency characteristics of the impedance become 
inferior, by a decrease in resonance frequency with 
increasing interline capacitance. Thus, the device cannot 
satisfy the ITU-T 1.430 standards which specify the 
characteristics of equipment for ISDN. We have developed 
smaller pulse transformers using NANOPERM@ with high 
b. 
Pulse transformers 7.8 and 4.8 mm outer and inner 
diameter, respectively, were made from a NANOPERM" 
toroidal core and a commercial MnZn-ferrite core. The 
height of the transformers was 1.5 mm and 7.5 mm for 
NANOPE" and MnZn-ferrite, respectively. Both 
transformers had 90 primary and 90 secondary turns. 
Figure 8 shows the frequency dependence of the 
impedance of the pulse transformers made of 
NANOPERM" and MnZn-ferrite. The broken line in Fig. 
3 shows the impedance required by ITU-T 1.430 standards. 
The ferrite transformer shows higher impedance around 
80 kHz, which is the self resonance frequency of the 
transformer. However, except for a narrow frequency 
range around the resonance frequency, almost the same 
impedance characteristics have been obtained for both 
transformers even though the height of the NANOPERM@ 
core is 1/5 that of the ferrite core. Therefore, smaller 
transformers can be achieved using NANOPERM" as the 
core material because NANOPERM" has much higher b 
than ferrite. 
Figure 9 shows the temperature dependence of 
inductance at 10 kHz for pulse transformers made of 
NANOPERM@ and MnZn-ferrite. The inductance value of 
the ferrite transformer is greatly decreases with decreasing 
temperature and is less than the value of 20 mH required 
by the ITU-T 1.430 standards below -10 "C. On the other 
hand, the inductance of the NANOPERM" transformer is 
found to exhibit much higher stability against temperature 
change, due to the high thermal stability of the 
nanostructure and low stress-sensitivity owing to the zero 
magnetostriction. 
D. Flux Gate Magnetic Detectors 
Figure 10 shows the ac hysteresis curves at a frequency 
of 3.8 kHz for NANOPERM" and Permalloy annealed 
under optimum conditions without magnetic field. 
NANOPERM" shows the lower coercivity and can be 
magnetically saturated more easily than Permalloy. These 
characteristics are suitable for flux gate magnetic 
detectors. 
Figure 11 shows the characteristics of the flux gate 
magnetic detectors made of NANOPERM" and Permalloy, 
which are used for magnetic direction sensors. Chemically 
etched rings were used for the core. An ac magnetic field (f 
= 3.8 kHi) was applied to the core to change the core 
I I I I I l l l l  I I 1  
0.3 1 10 50 
Frequency, f (MHz) 
Fig. 6. Frequency dependence of noise attenuation for common mode choke 
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Input pulse voltage, Vi" (kv) 
Fig. 7. Output voltage of the common mode choke coils made of NANOPERM' 
and MnZn-ferrite as a hnction of input pulse voltage when the pulse width is 1 
IM. 
L 
1 o2 1 1 1 1 1 1  I I 1 1 1 1 1 1 l  1 1 1 1 1 1 1 1  
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Frequency, f (Hz) 
Fig. 8. Frequency dependence of impedance for pulse transformers made of 
NANOPERM" and MnZn-ferrite. The broken line shows the required 
impedance by ITU-T 1.430 standards. 
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Fig. 9. Temperature dependence of inductance for pulse-transformers made of 
NANOPERM” and MnZn-ferrite. The broken line shows the inductance 
required by ITU-T 1.430 standards. Fig. 10. Ac hysteresis curves of NANOPERM” and Permalloy at a frequency of 3.8 ICHZ. 
permeability with time. The applied field strength was 25 
A/m which is close to the earth’s field. The output voltage 
of the NANQPERM@ core is about 10 times larger than 
that of the Permalloy core. Considering that the thickness 
of the Permalloy core is 5 times large, we can say that the 
output voltage of the NANOPEN* core is about 50 times 
that of a Permalloy core of the same size, which therefore 
allows high sensitivity and high precision of the 
NANQPEFW@ magnetic direction sensor. 
IV. CONCLUSION 
We have succeeded in the development of a new type of 
nanocrystalline soft magnetic material ‘ c ~ ~ ~ ~ ~ ~ ~ * y y  
with high B, above 1.5 T, as well as excellent soft magnetic 
properties. The excellent characteristics of a toroidal core 
with a gap, a common mode choke coil, a pulse- 
transformer and a flux gate magnetic detector made of 
NANQPEM* were proved experimentally. 
NANOPERM* is expected to be used widely in these 
magnetic application fields. 
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